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2 P. Meszaros: Gamma Ray Burst Afterglows and their Implications
Fig. 1. Light-curves of GRB 970228, compared to the
blast wave model predictions of Meszaros & Rees 1998a
(from Wijers et.al 1997)
ing to the simple standard model time dependence to get
spectral snapshots at a xed time (Waxman 1997, Wijers
& Galama 1998), allowing ts for the dierent physical
parameters of the burst and environment, e.g. the total





and the external density n
o
. In GRB
971214 (Ramaprakash et.al 1997), a similar analysis and
the lack of a break in the late light curve of GRB 971214
could be interpreted as indicating that the burst (includ-
ing its early gamma-ray stage) was isotropic, leading to an
(isotropic) energy estimate of 10
53:5
ergs. Such large en-
ergy outputs, whether beamed or not, are quite possible in
eitherNS-NS, NS-BH mergers (Meszaros & Rees 1997b) or
in hypernova/collapsar models (Paczynski 1998, Popham
et al.1998), using MHD extraction of the spin energy of a
disrupted torus and/or a central fast spinning BH. How-
ever, it is worth stressing that what these snapshot ts
constrain is only the energy per solid angle (Meszaros ,
Rees & Wijers 1998b). The expectation of a break after
only some weeks or months (e.g., due to   dropping either




) is based upon the simple
impulsive (angle-independent delta or top-hat function)
energy input approximation. The latter is useful, but de-
partures from it would be quite natural, and certainly
not surprising. As discussed below, it would be prema-
ture to conclude at present that there are any signicant
constraints on the anisotropy of the outow.
2. \Post-standard" Afterglows Models
In a realistic situation, one could expect any of several
fairly natural departures from the simple standard model
Fig. 2. Snapshot spectrum of GRB 970508 at t = 12 days
and standard afterglow model t (after Wijers & Galama
1998)
to occur. The rst one is that departures from a delta
top-hat approximation (e.g. having more energy emitted
with lower Lorentz factors at later times, still shorter than
the gamma-ray pulse duration) would drastically extend
the afterglow lifetime in the relativistic regime, by pro-
viding a late \energy refreshment" to the blast wave on
time scales comparable to the afterglow time scale (Rees &




curring at    few could then occur as late as six months
to more than a year after the outburst, depending on de-
tails of the brief energy input.
Another important eect is that the emitting region
seen by the observer resembles a ring (Waxman 1997b,
Panaitescu & Meszaros 1998b, Sari 1998). A numerical
integration over angles (Panaitescu & Meszaros 1998d)
shows that the sideways expansion eects are not so dras-
tic as inferred from the scaling laws for the material along
the central-angle line of sight. This is because even though
the ux from the head-on part of the remnant decreases
faster, this is more than compensated by the increased
emission measure from sweeping up external matter over
a larger angle, and by the fact that the extra radiation,
arising at larger angles, arrives later and re-lls the steeper
light curve. Thus, the sideways expansion (even for a sim-
ple impulsive injection) actually mitigates the ux decay,
rather than accelerating it. Combined with the possibility
of an extended relativistic phase due to nonuniform injec-
tion, and the fact that numerical angle integrations show
that any steepening would occur over factors  2   3 in
time, one must conclude that we do not yet have signi-
cant evidence for whether the outow is jet-like or not.
One expects afterglows to show a signicant amount
of diversity. This is expected both because of a possible
spread in the total energies (or energies per solid an-
gle as seen by a given observer), a possible spread or
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Fig. 4. Optical light-curve of GRB 970508, tted with
a non-uniform injection model (Panaitescu, Meszaros &
Rees 1998)
changes in the injected bulk Lorentz factors, and also
from the fact that GRB may be going o in very dif-
ferent environments. The angular dependence of the out-
ow, and the radial dependence of the density of the
external environment can have a marked eect on the
time dependence of the observable afterglow quantities
(Meszaros , Rees & Wijers, 1998). So do any changes of
the bulk Lorentz factor and energy output during even a
brief energy release episode (Rees & Meszaros 1998).
Strong evidence for departures from the simple stan-
dard model is provided by, e.g., sharp rises or humps in
the light curves followed by a renewed decay, as in GRB
970508 (Pedersen et al., 1998, Piro, et al., 1998). Detailed
time-dependent model ts (Panaitescu, Meszaros & Rees
1998) to the X-ray, optical and radio light curves of GRB
970228 and GRB 970508 show that, in order to explain
the humps, a non-uniform injection or an anisotropic out-
ow is required. These ts indicate that the shock physics
may be a function of the shock strength (e.g. the electron





and also indicate that dust absorption is needed to simul-
taneously t the X-ray and optical uxes. The eects of
beaming (outow within a limited range of solid angles)
can be signicant (Panaitescu & Meszaros 1998c), but are
coupled with other eects, and a careful analysis is needed
to disentangle them.
Spectral signatures, such as atomic edges and lines,
may be expected both from the outowing ejecta
(Meszaros & Rees 1998a) and from the external medium
(Perna & Loeb 1998, Meszaros & Rees 1998b, Bisnovatyi-
Kogan & Timokhin 1997) in the X-ray and optical spec-
trum of afterglows. These may be used as diagnostics
for the outow Lorentz factor, or as alternative mea-
sures of the GRB redshift. An interesting prediction
(Meszaros & Rees, 1998b; see also Ghisellini, et al., 1998,
Bottcher, et al., 1998) is that the presence of a measurable
Fe K- emission line could be a diagnostic of a hypernova,
since in this case one can expect a massive envelope at a





reprocessing the X-ray continuum by recombination and
uorescence.
The location of the afterglow relative to the host
galaxy center can provide clues both for the nature of
the progenitor and for the external density encountered
by the reball. A hypernova model would be expected







). Some bursts are denitely inside the
projected image of the host galaxy, and some also show
evidence for a dense medium at least in front of the after-
glow (Owen, et al., 1998). On the other hand, for a num-
ber of bursts there are strong constraints from the lack of a
detectable, even faint, host galaxy (Schaefer, 1998). In NS-
NS mergers one would expect a BH plus debris torus sys-
tem and roughly the same total energy as in a hypernova
model, but the mean distance traveled from birth is of or-
der several Kpc (Bloom, Sigurdsson & Pols, 1998), lead-
ing to a burst presumably in a less dense environment. The
ts of Wijers & Galama 1998 to the observational data
on GRB 970508 and GRB 971214 in fact suggest external





be more typical of a tenuous interstellar medium (how-
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). These could arise within the volume
of the galaxy, but on average one would expect as many
GRB inside as outside. This is based on an estimate of the
mean NS-NS merger time of 10
8
years; other estimated
merger times (e.g. 10
7
years, van den Heuvel 1992) would
give a burst much closer to the birth site. BH-NS mergers






be expected to give bursts well inside the host galaxy
(Bloom, Sigurdsson & Pols, 1998).
3. Conclusions
The blast wave model of gamma-ray burst afterglows has
proved quite robust in providing a consistent overall in-
terpretation of the major features of these objects at var-
ious frequencies. The \standard model" of afterglows, in-
volving four spectral slopes and three breaks, is quite
useful in understanding `snaphsot' multiwavelength spec-
tra of afterglows. However, the constraints on the angle-
integrated energy, especially at -ray energies, are not
strong, and beaming eects remain uncertain. Some cau-
tion is required in interpreting the observations on the
basis of the simple standard model. For instance, if one
integrates the ux over all angles visible to the observer,
the contributions from dierent angles lead to a consider-
able rounding-o of the spectral shoulders, so that breaks
cannot be easily located unless the spectral sampling is
dense and continuous, both in frequency and in time.
Some of the observed light curves with humps, e.g. in
GRB 970508, require `post-standard' model features (i.e.
beyond those assumed in the standard model), such as
either non-uniform injection episodes or anisotropic out-
ows. Time-dependent multiwavelength ts of this and
other bursts also seem to indicate that the parameters
characterizing the shock physics change with time. A rel-
atively brief (1-100 s), probably modulated energy input
appears the likeliest interpretation for most bursts. This
can provide an explanation both for the highly variable
-ray light curves and for late glitches in the afterglow
decays.
There has been signicant progress in understanding
how gamma-ray bursts can arise in reballs produced by
brief events depositing a large amount of energy in a small
volume, and in deriving the generic properties of the ensu-
ing long wavelength afterglows. There still remain a num-
ber of mysteries, especially concerning the identity of their
progenitors, the nature of the triggering mechanism, the
transport of the energy and the time scales involved. How-
ever, independently of the details of the gamma-ray burst
central engine, even if beaming reduces their total energy
requirements, these objects are the most extreme phenom-
ena that we know about in high energy astrophysics, and




5. With new experiments coming on-line in the near
future, there is every prospect for continued and vigorous
developments both in the observational and theoretical
understanding of these fascinating objects.
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